Abstract: Upregulation of phosphoglycerate mutase 1 (PGAM1) has been identified as one common phenomenon in a variety of cancers. Inhibition of PGAM1 provides a new promising therapeutic strategy for cancer treatment. Herein, based on our previous work, a series of new N-xanthone benzenesulfonamides were discovered as novel PGAM1 inhibitors. The representative molecule 15h, with an IC 50 of 2.1 µM, showed an enhanced PGAM1 inhibitory activity and higher enzyme inhibitory specificity compared to PGMI-004A, as well as a slightly improved antiproliferative activity.
Introduction
Metabolic reprogramming has been considered as one of 10 essential hallmarks of cancer cells [1] . This metabolic phenotype is associated with the phenomenon of cancer cells altering their metabolic pathways, including bioenergetics and anabolic biosynthesis, to satisfy the anabolic demands of macromolecular biosynthesis and to maintain cellular redox homeostasis in response to the escalated production of toxic reactive oxygen species (ROS) during cell proliferation [2] . The first identified cancer cell metabolism reprogramming phenomenon was the Warburg effect [3] , which refers to cancer cells relying on the high rate of aerobic glycolysis to produce energy rather than the efficient mitochondrial oxidative phosphorylation as in most normal cells [4] . This specific metabolic pattern in cancer cells serves to supply glycolytic intermediates as building blocks for anabolic biosynthesis of macromolecules, such as RNA/DNA, proteins, and lipids [5] . More and more researchers have focused on the key enzymes in cancer cell metabolism reprogramming to find new cancer therapeutic targets [6] [7] [8] [9] [10] .
Phosphoglycerate mutase 1 (PGAM1) is a glycolytic enzyme that catalyzes the interconversion of 3-phosphoglycerate (3PG) and 2-phosphoglycerate (2PG) with 2,3-bisphosphoglycerate (2,3-BPG) as a cofactor in glycolysis. PGAM1 was found to be upregulated in a variety of human cancers, including breast cancer [11] , prostate cancer [12] , lung cancer [13] , etc. A recent work by Hitosugi showed that in cancer cells, upregulated PGAM1 coordinates glycolysis and biosynthesis to promote cancer cell proliferation and tumor growth [14] . The molecular mechanism of this function of PGAM1 is that the upregulation of PGAM1 leads to a lower intracellular level of 3PG and a higher intracellular level of 2PG, which results in a high level of pentose phosphate pathway (PPP) flux and activated serine synthesis pathway (SSP), respectively [14, 15] . This mechanism facilitates the conversion of glycolytic intermediates to the precursors of amino acids and ribose, which are building blocks of DNA/RNA and proteins. In addition, both downregulation of PGAM1 s expression and inhibition DNA/RNA and proteins. In addition, both downregulation of PGAM1′s expression and inhibition of its metabolic activity has been shown to attenuate cell proliferation and tumor growth [14, 16] . Accordingly, developing PGAM1 inhibitors could not only reduce the indispensable energy supply for cancer cells but also block the required anabolic processes including PPP and SSP, and hence provide a new dual-functional anticancer strategy [17] .
Although PGAM1 has been identified as one potential anticancer target, only three small molecules have currently been discovered as PGAM1 inhibitors (Figure 1 ). MJE3 was initially screened for inhibiting the proliferation of MDA-MB-231 cells and its antiproliferation effect was subsequently confirmed to come from its inhibitory activity against PGAM1 through in situ proteome reactivity profiling [18] . A further study showed that MJE3 could inactivate PGAM1 through covalent modification of PGAM1′s K100 by its spiroepoxide substructure [19] . PGMI-004A, with moderate enzymatic activity, showed a significant antiproliferation effect on both a cellular level and mice xenograft models [14] . Additionally, the third PGAM1 inhibitor, epigallocatechin gallate (EGCG), has recently been reported [20] . Although EGCG is the most potent PGAM1 inhibitor at the molecular level, its polyphenol structure and off-target effect may limit its further applications [21] . 
. The inhibitory activities both on the enzymatic and cellular level of those xanthone derivatives were significantly improved compared to PGMI-004A [22] . Besides, the xanthone core as an important scaffold with diverse biologic activities, such as antitumor, antioxidant, anti-inflammation, etc., was of documented relevance to human diseases [23] [24] [25] [26] [27] . In this paper, maintaining the xanthone scaffold and considering that the ortho-dihydroxy phenol moiety might cause metabolic instability [28] , we removed the C2-hydroxy group to design and synthesize a series of new N-xanthone benzenesulfonamides. What is more, the SAR of the A-ring has also been explored. 
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Molecules 2018, 23, x FOR PEER REVIEW 2 of 14 DNA/RNA and proteins. In addition, both downregulation of PGAM1′s expression and inhibition of its metabolic activity has been shown to attenuate cell proliferation and tumor growth [14, 16] . Accordingly, developing PGAM1 inhibitors could not only reduce the indispensable energy supply for cancer cells but also block the required anabolic processes including PPP and SSP, and hence provide a new dual-functional anticancer strategy [17] . Although PGAM1 has been identified as one potential anticancer target, only three small molecules have currently been discovered as PGAM1 inhibitors (Figure 1 ). MJE3 was initially screened for inhibiting the proliferation of MDA-MB-231 cells and its antiproliferation effect was subsequently confirmed to come from its inhibitory activity against PGAM1 through in situ proteome reactivity profiling [18] . A further study showed that MJE3 could inactivate PGAM1 through covalent modification of PGAM1′s K100 by its spiroepoxide substructure [19] . PGMI-004A, with moderate enzymatic activity, showed a significant antiproliferation effect on both a cellular level and mice xenograft models [14] . Additionally, the third PGAM1 inhibitor, epigallocatechin gallate (EGCG), has recently been reported [20] . Although EGCG is the most potent PGAM1 inhibitor at the molecular level, its polyphenol structure and off-target effect may limit its further applications [21] . Recently, starting from the PGMI-004A, we conducted scaffold hopping and a sulfonamide reversal strategy to discover a series of 1,2,8-trihydroxy xanthone derivatives as novel PGAM1 inhibitors ( Figure 2 ). The inhibitory activities both on the enzymatic and cellular level of those xanthone derivatives were significantly improved compared to PGMI-004A [22] . Besides, the xanthone core as an important scaffold with diverse biologic activities, such as antitumor, antioxidant, anti-inflammation, etc., was of documented relevance to human diseases [23] [24] [25] [26] [27] . In this paper, maintaining the xanthone scaffold and considering that the ortho-dihydroxy phenol moiety might cause metabolic instability [28] , we removed the C2-hydroxy group to design and synthesize a series of new N-xanthone benzenesulfonamides. What is more, the SAR of the A-ring has also been explored. 
Results and Discussion
First, to evaluate the substituent effects influencing the activities on the benzene ring, 14 N-xanthone benzenesulfonamides were synthesized as shown in Scheme 1. The xanthone core 3 was constructed by treating 2,6-dihydroxybenzoic acid 1 and phloroglucinol 2 with Eaton s reagent and converted to triflate 4 by reacting with Tf 2 O. After pivaloylation of triflate 4, the dipivalate 5 was obtained and was then converted to xanthone amine 7 through the Buchwald amination-hydrolysis protocol [29] . The xanthone amine 7 was treated with diverse substituted benzenesulfonyl chlorides and followed by deprotection to afford the target molecules N-xanthone benzenesulfonamides 9a-9n.
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First, to evaluate the substituent effects influencing the activities on the benzene ring, 14 Nxanthone benzenesulfonamides were synthesized as shown in Scheme 1. The xanthone core 3 was constructed by treating 2,6-dihydroxybenzoic acid 1 and phloroglucinol 2 with Eaton′s reagent and converted to triflate 4 by reacting with Tf2O. After pivaloylation of triflate 4, the dipivalate 5 was obtained and was then converted to xanthone amine 7 through the Buchwald amination-hydrolysis protocol [29] . The xanthone amine 7 was treated with diverse substituted benzenesulfonyl chlorides and followed by deprotection to afford the target molecules N-xanthone benzenesulfonamides 9a-9n. Scheme 1. Reagents and conditions: (a) Eaton's reagent (7.7 wt % P2O5 solution in MeSO3H), 80 °C; (b) Tf2O, pyridine, DCM, 0 °C; (c) NaH (60%), PivCl, THF; (d) Pd(OAc)2, BINAP, diphenylmethanimine, Cs2CO3, dioxane, reflux; (e) HCl, THF, H2O, r.t.; (f) RSO2Cl, pyridine, r.t.; (g) NaOH, MeOH, H2O, r.t.
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Chemistry Experimental Procedures and Compound Characterization
1,3,8-Trihydroxy-9H-xanthen-9-one (3).
2,6-dihydroxybenzoic acid (5.0 g, 32.4 mmol) and phloroglucinol (4.09 g, 32.4 mmol) were added to Eaton's reagent (20 mL) and heated on an 80 °C oil bath for 2 h. After cooling to r.t., the dark-brown solution was transferred slowly to crushed ice while being vigorously stirred. The mixture was filtered and the filter cake was washed with water, dried, and purified by flash column chromatography to afford xanthone 3 as a yellow solid (2.3 g, yield: 29%). 1 14.1 ± 1.9
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Chemistry Experimental Procedures and Compound Characterization
1,3,8-Trihydroxy-9H-xanthen-9-one (3).
2,6-dihydroxybenzoic acid (5.0 g, 32.4 mmol) and phloroglucinol (4.09 g, 32.4 mmol) were added to Eaton's reagent (20 mL) and heated on an 80 • C oil bath for 2 h. After cooling to r.t., the dark-brown solution was transferred slowly to crushed ice while being vigorously stirred. The mixture was filtered and the filter cake was washed with water, dried, and purified by flash column chromatography to afford xanthone 3 as a yellow solid (2.3 g, yield: 29%). 1 -3-(((trifluoromethyl)sulfonyl)oxy)-9H-xanthene-1,8-diyl bis(2,2-dimethylpropanoate) (5) . To a solution of triflate 4 (1.0 g, 2.66 mmol) in dry THF (20 mL), 60% NaH (532 mg, 13.3 mmol) was added portionwise at 0 • C. After 20 min, pivaloyl chloride (0.98 mL, 8.0 mmol) was added slowly. The reaction was kept at 0 • C for another 1 h and then diluted with ethyl acetate (40 mL) and quenched with sat. NH 4 Cl solution (60 mL). The organic phase was separated, washed with brine, dried over Na 2 SO 4 , filtered, and concentrated in vacuo successively. The residue was recrystallized from methanol/ethyl acetate to afford the dipivalate 5 as a white solid (1.3 g, yield: 90%). , and Cs 2 CO 3 (898 mg, 2.75 mmol) were suspended in dioxane (30 mL) under argon and the resulting mixture was heated to reflux for 12 h. After cooling to r.t., the reaction mixture was diluted with ethyl acetate (50 mL), filtered through a celite bed and concentrated in vacuo successively. The residue was purified by flash column chromatography to afford the desired product 6 as a yellow solid (821 mg, yield: 77%).
9-Oxo
3-((Diphenylmethylene
3-Amino-9-oxo-9H-xanthene-1,8-diyl bis(2,2-dimethylpropanoate) (7). To a solution of compound 6 ( mg, 0.372 mmol) in THF (10 mL), 4 M hydrochloric acid (4 mL) was added. After 30 min, the reaction mixture was diluted with ethyl acetate (10 mL) and quenched with saturated aqueous sodium bicarbonate solution (15 mL). The organic phase was separated, washed with brine, dried over sodium sulfate, and concentrated in vacuo successively. The residue was crystallized in hexane/ethyl acetate to afford the desired amine 7 as a yellow solid (85 mg, yield: 80%). 1 The general synthetic procedure of compounds 9a-9n. To a solution of amine 7 (41 mg, 0.1 mmol) in dry pyridine (2 mL), substituted benzenesulfonyl chloride (1.5-2 eq.) was added. The reaction mixture was kept at r.t. overnight and poured into a mixture of 1 M hydrochloric acid (10 mL) and ethyl acetate (10 mL) while being vigorously stirred. The organic phase was separated and concentrated in vacuo. The residue was dissolved in a mixture of methanol (10 mL) and 5 M sodium hydroxide solution (5 mL) and kept at r.t. for 1 h. The mixture was concentrated in vacuo to remove the methanol and was diluted with water (3 mL) and filtered. The clear water phase was washed with ethyl acetate (3 mL × 2) and then concentrated hydrochloric acid was added dropwise until pH = 4. The mixture was filtered to afford the desired sulfonamide 9a-9n as yellow solids (yield: 30-80%). N-(1,8-Dihydroxy-9-oxo-9H-xanthen-3-yl)-4-fluorobenzenesulfonamide (9c) .
Yield: 64%. Yellow solid. M.p = 241-242 • C. R f = 0.30 (Petroleum ether: Acetone = 4:1). 1 
4-Chloro-N-(1,8-dihydroxy-9-oxo-9H-xanthen-3-yl)benzenesulfonamide (9e).
Yield: 56%. Yellow solid. M.p = 257-258 • C. R f = 0.37 (Petroleum ether: Acetone = 4:1). 1 -N-(1,8-dihydroxy-9-oxo-9H-xanthen-3-yl) N-(1,8-Dihydroxy-9-oxo-9H-xanthen-3-yl)-4-methylbenzenesulfonamide (9j) .
2,6-Dichloro
Yield: 80%. The general synthetic procedures of compounds 15a-15f. The synthetic procedures of 15a-15f were similar to 9n. was added to the mixture. Finally, 1 µL of 2PG solution (200 mM) was added to initiate the reaction. The decrease in OD (λ = 340 nm) from the oxidation of NADH was measured as counter-screen assay activities by a microplate reader.
3.2.3. In Vitro Antiproliferation of H1299 Cell Activity Assay 2 × 10 3 cells were seeded in a 96-well plate before starting the assay and they were cultured at 37 • C. After seeding for 24 h, cells were treated with inhibitors with a specific concentration and incubated at 37 • C for 72 h, followed by incubation with 0.5 mg mL −1 MTT for 4 h at 37 • C. Then, 200 µL of DMSO was added and the absorbance was measured at 570 nm.
Conclusions
In summary, based on our previous work, we continued two rounds of modification to discover new N-xanthone benzenesulfonamides as PGAM1 inhibitors. A total number of 24 N-xanthone benzenesulfonamides were designed and synthesized, and their inhibitory activities against PGAM1 were evaluated. Among them, the most active and specific compound 15h (IC 50 = 2.1 µM) showed a 5-fold enhancement of PGAM1 inhibitory activity and a much higher specificity compared to PGMI-004A. Further, the antiproliferation activities on the H1299 cell line of the representative N-xanthone benzenesulfonamides were also evaluated, which showed a slightly increased antiproliferative activity. Consequently, in this study, we have expanded the structural types of PGAM1 inhibitors and provided a new direction for further development of more efficient PGAM1 inhibitors.
